Bioearosol mass spectrometry (BAMS) analyzes single particles in real time from ambient air, placing strict demands on instrument sensitivity. Modeling of the BAMS reflectron time of flight (TOF) with SIMION revealed design limitations associated with ion transmission and instrument sensitivity at higher masses. Design and implementation of a BAMS linear TOF with electrostatic ion guide and delayed extraction capabilities has greatly increased the sensitivity and mass range relative to the reflectron design. Initial experimental assessment of the new instrument design revealed improved sensitivity at high masses as illustrated when using standard particles of cytochrome C (m/z ϳ 12,000), from which the compound's monomer, dimer (m/z ϳ 24,000) and trimer (m/z ϳ 36,000) were readily detected. (J Am Soc Mass Spectrom 2005, 16, 1866 -1875 
B ioaerosol mass spectrometry (BAMS) has recently shown the ability to distinguish single Bacillus spores from Bacillus vegetative cells [1] . BAMS analyzes single cells without sample pretreatment or preconcentration [2] . Mass spectrometry uses the detection of distinct cellular components (biomarkers) to characterize bacteria and viruses. The small sample size makes strong demands on the instrument in terms of sensitivity. The BAMS reflectron mass spectra of Bacillus spores and vegetative cells were limited to signals under m/z 300 [2] . Improving the high mass sensitivity will widen the fingerprint space, allowing for detection of more robust species-specific biomarkers. The reason for the limited mass range is believed to be twofold: failure to readily ionize large biomolecules and poor instrument sensitivity for large ions.
Sampling standard particles composed of mixtures of matrix-assisted laser desorption ionization (MALDI) matrix and analyte provides a means to produce ions of a given m/z [3] [4] [5] and assess the instrument performance over a range of masses. The reflectron time-offlight (TOF) instrument was unable to detect ion signals from standard MALDI particles of angiotensin (MW ϭ 1297 Da) and ␣-cyclodextrin (MW ϭ 973 Da) but readily detected matrix ions. MALDI particles containing high amounts of gramicidin S (MW ϭ 1140 Da) produced a very weak molecular ion signal. These observations reveal a bias of the reflectron instrument toward lower masses. The removal of this limitation is the subject of the current study. Improving the overall instrument sensitivity for improved biomarker detection from microorganisms may also require additional developments to efficiently generate larger ions from the cells.
Experimental

Particle Generation and Sampling
Aerosol particles were generated from solution via a Collison nebulizer (TSI, Inc., Shoreview, MN). Single particle MALDI experiments provide a suitable system to access the performance of the instrument [5] [6] [7] . Gramicidin S particles were generated from a 50/50 H 2 O/ethanol solution of 2,5-dihydroxybenzoic acid (DHB; 3 ϫ 10 Ϫ3 M) and gramicidin S at a 100:1 matrixto-analyte molar ratio. Cytochrome c particles were generated via a saturated solution of sinapinic acid and 0.1% TFA (trifluoroacetic acid). Nebulized particles were passed through a silica-drying column and sampled into the instrument at a 1-L/min flow rate. The focused particle stream was tracked by a multilaser tracking system [8] . The aerodynamic diameter of each particle was determined from its terminal velocity [8, 9] and provided the necessary timing to fire either the 355or 266-nm Nd:YAG desorption/ionization lasers.
Mass Spectrometry
A dual-polarity linear TOF instrument, shown in Figure  1 , was fabricated with delayed extraction, pulsed ion guide, and postacceleration capabilities. The source dimensions, optimized via SIMION, were S ϭ 0.362 in. and D ϭ 0.185 in (Figure 2 ). The total length of each flight tube from the last extraction grid to microchannel plate (MCP) surface was 21.4 in. Extraction grids consisted of 1-in.-diameter fine nickel mesh (100 lines per in./80.1% transmission). To obtain a uniform field, the mesh was compressed and stretched between two stainless steel mounts. Kel-F was used as the insulating material between extraction grids. Each ion guide consisted of a 0.125-mm-diameter stainless steel wire mounted 10 cm away from extraction grids 1, 4, and 5 cm away from the end of each flight tube. The ion guide wires were supported by 0.0625-in. stainless steel crossbars at each end and pulled taught. The crossbars were moved 5 mm off axis to reduce potential ion collisions with the wire [10] . Photo-decoupled MCP detectors (Burle Electro-optics, Lancaster, PA) with a 25-mm detection surface were mounted to the end of each flight tube through Kel-F insulators and powered by Burle power supplies. Electrical isolation of the detectors from the flight tubes allowed for postacceleration capabilities.
The mass spectrometer is initialized with a TTL (Transistor Transistor Logic) pulse sent from the tracking algorithm that drives three DG535 pulse generators (Stanford Research Systems, Sunnyvale, CA; Figure 2 ). Pulse generators 2 and 3 provide timed TTL pulses to trigger laser firing and data digitization. Before ion extraction occurs a field free region is established in the first extraction stage by holding Grids 2 and 3 at Ϫ200 V. For the gramicidin S analysis, Grids 1 and 4 were set to Ϫ5 and ϩ5 kV, respectively. After a time delay () Grid 3 is pulsed from Ϫ200 V to ϩ2 kV by a TTL pulse sent from pulse generator 1 to HV (high voltage) switch 2 and positive and negative ions are extracted into separate TOF analyzers. Inside the flight tubes, ions are initially repelled by the guide wire for some time D 1 after which the guide wires are switched to attracting potentials by HV switches 1 and 3. Typical delay times () required for delayed extraction ranged from 100 to 600 ns, and delays for ion gating (D 1 ) ranged from 2 to 5 s, depending on the m/z to be gated. Guide wire voltages used for repelling and attracting the ions ranged from Ϯ100 to Ϯ200 V relative to the flight tube.
Simion Modeling
The design of an aerosol TOF is subject to several unique complexities inherent to aerosol instruments. Although the parameters affecting resolution [11] [12] [13] [14] and sensitivity performance [15] of conventional TOF analyzers is well documented, those pertaining specifically to aerosol mass spectrometry still have to be adequately addressed. This study presents a thorough analysis of the reflectron and linear BAMS instruments (with and without the guide wire) using SIMION 7.0. Ion transmission efficiencies, defined as the percentage of ions that impact the detector surface for a given m/z value, were determined to assess instrument sensitivity. Ion trajectories provided a visual representation of instrument performance and ion loss.
Reflectron Instrument Model
Voltages assigned to each electrode in the model were identical to those optimized empirically. Figure 1a shows a schematic and the potential energy surface of the reflectron instrument. Generated ions are accelerated through a two-stage electrostatic-lens source, into the drift region (measuring 23.3 in.), and enter an on-axis ring electrode. Ions are then reflected back toward the detector located near the source.
Linear Instrument Modeling
The linear BAMS instrument was constructed in SIMION using the electrode dimensions cited in the experimental section. The potentials used for assessing ion transmission (using positive ions) were Ϫ5 kV on the flight tube, with Ϫ1.5 and 2.5 kV applied to the source plates. The ion guide was pulsed from Ϫ4.8 kV (repelling) to Ϫ5.2 kV (attracting) in both the modeling and the MALDI particle experimental studies in which the design was implemented. Delayed extraction was not modeled in the ion transmission studies. The potentials were set to those shown to produce high m/z signals from cytochrome C. For the SIMION analysis of gramicidin S with delayed extraction, extraction voltages of Ϫ200 and 1500 V were used. Again, these voltages were optimized empirically for gramicidin S. Delay extraction times were varied from 0 to 500 ns.
Initial Ion Conditions
The nature of the desorption process is particularly relevant in the modeling and design of a high mass aerosol TOF instrument. The initial desorption/ionization characteristics of the ions are linked to the overall TOF and therefore are inherently coupled to the instrument's resolution [14] . Instrument sensitivity relies on the transmission efficiency of ions from the desorption plume to the detector.
The nature of the ablated material from aerosol particles is dependent on their composition and morphology [16, 17] . It has been shown that laser ablation from a particle consisting of an absorbing core surrounded by a nonabsorbing exterior results in an ion plume approximating an exploding sphere [16] . This is referred to as the total ablation plume model. On the other hand, a strongly absorbing particle of homogeneous composition will result in desorption of material limited to within ϳ10 nm of the particle surface, [6, 17] , which results in an ion plume directed back toward the ionizing laser. To understand instrument performance from both types of particles, both initial ion plume conditions were considered in this study. These ionization conditions are contrary to those of traditional TOF analyzers, in which the sample is ionized from a metal surface mounted orthogonal to the TOF axis. In these cases, the ion plume is directed along the TOF axis [18] [19] [20] .
In BAMS, the velocity of a 1.0-micron aerosol particle at the time of desorption/ionization is roughly 350 m/s. The kinetic energy of the entering particle is conserved in the material ablated from the particle. Therefore, a downward particle velocity vector of 350 m/s was incorporated in all ion plumes. The resultant initial velocity and direction of the desorbed material is determined from the particle's initial kinetic energy and that imparted during the desorption/ionization event.
Using the initial ion velocities found experimentally, the mean initial ion velocity was modeled at 650 m/s [21, 22] . Wide velocity distributions about the mean have been observed in the laser desorption plume and were incorporated into the SIMION ion plume [23] . In the case of the spherical or total ablation ion plume, 1229 ions for each m/z were evenly dispersed over the entire solid angle of a sphere. The ions were modeled having a range of desorption velocities, centered at 650 m/s (449 ions), with slower ions at 450 m/s (136 ions) and 550 m/s (254 ions) and faster ions at 750 m/s (254 ions) and 850 m/s (136 ions; Figure 3a ).
In the case of ablation from a homogeneously absorbing particle, partial ablation from the surface is expected [24] . This was modeled with the direction of the ion ablation assuming a broad cone of solid angle measuring 4.8 radians [2] (Figure 3b ) to mimic the findings of Garrison et al. [16, 17, 24] . The ion plume was centered orthogonal to the TOF axis and directed 
Results
SIMION Modeling of Reflectron TOF
Through modeling, several shortcomings of the reflectron geometry used in the original BAMS instrument were made apparent. The trajectories of ions m/z 23, 100, 500, 1000, 1500, and 2000 were recorded. Velocity components perpendicular to the ion optical axis resulted in poor ion transport to the detector. Two factors contributed to the off-axis trajectories of the accelerated ions. The first was that of the particle velocity in the direction of the laser (y-direction) at the time of ionization. The second, and more significant, was the larger desorption velocities imparted on ions during ionization. These artifacts of the ionization plume were conserved in the trajectories of the accelerated ions. This results in many ions colliding with the flight tube before reaching the detector. The transport efficiency of larger ions (Ͼ500 m/z), because of their longer flight times, were more severely affected than smaller massed ions. Representative trajectories of m/z values 100 and 2000 from the partial ablation models are shown in Figure 4 . Transmission efficiencies of ions from the partial ablation model within the reflectron system were m/z 23 (54%), m/z 100 (32%), m/z 500 (4.6%), m/z 1000 (1.6%), m/z 1500 (1.3%), and m/z 2000 (0.6%; Figure 5a ). The transmission 
SIMION Modeling of Linear TOF (With and Without Ion Guide)
A linear version of the instrument was also modeled in SIMION and is shown in Figure 1b . To provide a more uniform electric field within the ion source, 1-in.-diameter mesh extraction grids were modeled to replace the electrostatic ion lenses present in the reflectron design. A large detection surface, 25 mm in diameter, was chosen to compensate for the divergent ion trajectories encountered with the aerosol desorption/ionization event. An electrostatic ion guide was modeled by placing a single electrode down the flight tube. This electrode was pulsed via a user-defined program (see Figure 2a ). Instrument performance with and without the ion guide was assessed using SIMION. Improved ion transmission was observed in the linear instrument, as shown in Figure 4 . Because of the shorter flight times in the linear instrument relative to the reflectron design, it is more tolerable of off-axis velocities. For ions up to m/z 500, the model predicted 100% transmission from the partial ablation plume. For larger masses, efficiency dropped to 63% for m/z 1000, 50% for m/z 1500, and 27% for m/z 2000 (Figure 5a ). From the total ablation model, transmission efficiencies in the linear TOF again were slightly better: 100% (m/z 23), 100% (m/z 100), 97% (m/z 500), 67% (m/z 1000), 56% (m/z 1500), and 45% (m/z 2000; Figure 5b ). The overall significance of the plume type played a minor role in instrument sensitivity, as evidenced by the calculated transmission efficiencies for both the linear and the reflectron TOF systems.
To fully compensate for the expanding plume, an electrostatic ion guide was implemented into the design to correct divergent ion trajectories. Electrostatic ion guides have proven successful at improving the signalto-noise ratio (S/N) of plasma desorption TOF instruments in which ionization occurs from a static source [25, 26] . This technique has also been successfully applied to traditional MALDI-TOF systems [27] . The ion guide performs two functions: to collimate the trajectories of divergent ions, which improves ion transmission to the detector, and to gate low m/z ions that commonly saturate MCP detectors.
In MALDI, intense signals from low m/z matrix ions reach the detector first and deplete the charge on the MCP [28] . The charge must be replenished for optimal performance. The time required for a channel in the MCP array to recover is long (ϳ20 ms) compared with the time for the analyte ions to reach the detector (ϳ10 s) [28] . The result is a diminished signal for larger m/z analyte ions and degraded instrument sensitivity.
Ion gating is performed by initially maintaining the ion guide wire at a repulsive potential relative to the flight tube. This accelerates the ions radially (outward) from the flight tube center. Smaller ions will be accelerated more than larger ions and will collide with the flight tube. Pulsing the ion guide to an attracting potential collimates the remaining high mass ions on a trajectory toward the detectors. This pulsed configuration allows for gating of low mass ions while simultaneously collimating high mass ions. The electrostatic ion guide was modeled in SIMION and the ion trajectory results are shown in Figure 4c . Ions of m/z 100 and under were repelled and impacted the flight tube walls. After the delay time D 1 , the voltage was switched to an attracting potential. The higher mass ions were directed down the flight tube to the detector, yielding high transmission efficiencies. Using the partial ablation model, transmission efficiencies of 100% (m/z 500), 100% (m/z 2000), 72% (m/z 5000), and 46% (m/z 12,500) were achieved (Figure 5a) . Similar values were recorded using the total ablation ion model (Figure 5b) . Clearly, implementing the ion guide greatly improved overall ion transmission relative to the linear TOF without the ion guide.
Retaining Resolving Power (Delayed Extraction)
Although switching to a linear design with a guide wire increases instrument sensitivity, removing the reflectron sacrifices resolving power. If a linear instrument is to be effective, resolving power at higher masses must be conserved. To regain resolving power, delayed extraction was implemented in the design. Delayed extraction, or time-lag focusing, was originally developed by Wiley and Mclaren in 1955 [14] . More recently, this technique has been applied to MALDI from a surface to correct for the inherent initial velocity distribution resulting from the desorption/ionization event [11] [12] [13] . In the case of single particle ionization, as opposed to ionization from a plate, initial ion velocities are not obstructed by the sample probe surface. The generated ions can be directed toward and away from the detector. To illustrate this, Figure 6a depicts two ions (A and B) formed at the same position (s 0 ) but with different initial velocities ϩv 0 and Ϫv 0 in a static accelerating field. Ion A, which is moving toward the detector, is accelerated and enters the field-free region first. Ion B, which is moving away from the detector must first decelerate and then be accelerated in the direction of the detector. Consequently, ion B lags behind ion A, leading to different arrival times for the same m/z value (Figure 6a ). If these same two ions are allowed to evolve in a field-free environment, they will move to new positions s A and s B , given by eqs 1 and 2, respectively.
After a time delay , the electric field is applied and the two ions are accelerated to final kinetic energies according to eqs 3 and 4, where m is mass, q is charge in Coulombs, E S is the electric field in the first extraction stage, E D is the electric field in the second extraction region, and d is the distance of the second extraction region.
Because the amount of kinetic energy imparted on each ion depends on their position in the source at the time of extraction (s A Ͻ s B ), the backward moving ion B will enter the field-free region with a higher kinetic energy than ion A. Using the correct delay time (), ion B will be accelerated sufficiently to catch up to ion A and both ions will impact the detector at the same time (Figure 6b ).
Experimental Effects of Delayed Extraction
An assessment of the delayed extraction via single particle MALDI experiments and SIMION modeling was performed. Single particle MALDI experiments involved aerosols composed of a mixture of DHB and gramicidin S (100:1). In SIMION, modeled ions of m/z 1141 corresponding to [gramicidin:Na] ϩ were modeled using both the partial ablation and total ablation ion plume models. Modeling of both ion plumes necessary to assess the ability of delayed extraction to energy focus ions of both plumes must be addressed. Extraction delays from 0 to 500 ns were studied. Average resolution for the experimental data were calculated as m/⌬m at full width at half maximum (FWHM) for the [M ϩ Na] ϩ gramicidin S. Only peaks with intensity greater than 50 were considered to ensure representative FWHM calculations. From the SIMION modeling data, resolution was estimated by calculating the standard deviation of the ion flight times. By assuming a Gaussian distribution of flight times, the ⌬t FWHM of the SIMION data were approximated by 2.3 ϫ . From the approximated ⌬t, the resolution can then be deter-mined by t/2⌬t, which is equivalent to m/30Ͼm [14] . Calculations in this manner provided a means of comparing ion focusing between the modeled data and the experimental data on the same scale.
At zero delay time the average experimental resolution was 177 for the [M ϩ Na] ϩ molecular ion at m/z 1164. A representative single particle spectrum is shown in Figure 7a . In this spectrum only two quasimolecular ions were observed for gramicidin S, namely, [ Figure 8b . The results for peak resolution at delay times ranging from 0 to 500 ns are plotted in Figure 8 . Plotted alongside the experimental data is the resolution estimated from SIMION. The optimal average resolution 532 is higher than that estimated from the SIMION models for the partial and total ablation plume 170 and 149, respectively. It was also found that the optimal delayed extraction time differed between the SIMION data and the experimental data. The experimentally optimized delay time was found to be 323 ns. The resulting optimal delay times from SIMION were 250 ns for both the total and the partial ablation plume models. It is evident that the full benefits of delayed extraction are not realized in the SIMION model. The discrepancies between the model and experimental data could originate from model plume velocities and dynamics that do not match the experimental reality. Experimentally, the optimal delay times were found to be larger than those predicted by the SIMION models. This could indicate that ion initial velocities are actually faster than those portrayed in the SIMION model. Also, the overall predicted resolution is significantly lower than in the experimental data. The SIMION model does not account for in-plume ion collisions and delayed ion formation, which could explain the inaccuracies of the model. Nevertheless, these results show a successful application of delayed extraction to improve resolution of high mass ions generated from micrometer-size particles. The optimal delay time for extraction in TOF is m/z dependent. This effect is expected to be more pronounced in BAMS because of the plume dynamics from laser ablated aerosols. The delay time dependence of gramicidin S (m/z 1164.3) resolution depicted in Figure  7 indicates that within 50 ns of the optimal delay (323 ns), resolution degrades by roughly 20%. The optimal delay time for cytochrome C (m/z ϳ12,000) was found to be 350 ns and is only slightly longer than that for gramicidin S. This illustrates that although optimal delay times for a wide range of analytes may not be possible, satisfactory resolution for all analytes may be achieved at a single delay time. Additional studies characterizing optimal delay extraction time dependence on m/z for aerosol particle ionization is ongoing in our laboratory and will be included in a forthcoming publication.
Experimental Results with the Guide Wire
The affect of the guide wire at higher masses was evaluated experimentally with particles consisting of DHB and gramicidin S. This system has been used previously to evaluate the performance of a guide wire for ionization occurring from a sample plate [10] . The matrix peaks provide abundant ions at the low mass range whereas gramicidin S provides higher mass molecular ions of [M ϩ H] ϩ , [M ϩ Na] ϩ , and [M ϩ K] ϩ at m/z values 1141, 1165, and 1180, respectively. Figure 7b is a single particle spectrum acquired with a [M ϩ Na] ϩ peak height representative of the average. This spectrum was acquired with a delayed extraction time of 350 ns but without the guide wire. Although the molecular ions are nicely resolved, many low mass matrix peaks are still detected and may lead to detector saturation. Figure 7c is a single particle spectrum of the same sample but with the ion guide operating with a D 1 time of 4 s. In this configuration most m/z values below 150 have been gated out, whereas m/z values above are collimated down the flight tube to the detector. In this model system, high mass sensitivity was increased by using the guide wire, which supports the SIMION modeling presented previously. Experimen- tally, an approximately twofold increase in signal intensity was observed by implementing the ion guide (Figure 8c ). This result is in agreement with SIMION, which predicted an increase in ion transmission from 62 to 100% for m/z 1000 when using the ion guide (Figure 5a, b) .
The mass range was pushed further by analyzing particles containing sinapinic acid and cytochrome C. An average spectrum of 27 cytochrome C:sinapinic acid particles is shown in Figure 9 . The molecular ion was observed at 12 kDa along with signals corresponding to a dimer and trimer at 24 and 36 kDa, respectively. These high mass spectra were obtained with a delayed extraction time () of 350 ns and guide wire delay D 1 of 3.0 s. Postacceleration voltage of 1 kV also was used to increase the kinetic energy of the ions on impact with the MCP detector. Detection of the high mass signals confirms the mass range of the BAMS instrument has been improved.
Conclusion
The BAMS reflectron TOF and linear TOF with electrostatic ion guide have been compared experimentally and with SIMION modeling. The modeling revealed that divergent ion trajectories from desorption/ionization resulted in poor ion transmission and reduced sensitivity. The effect is amplified at higher m/z values because of longer ion flight times. The reflectron TOF analyzer transmitted less than 2% of ions with m/z 2000. Ion transmission was improved through a linear geometry TOF, with 28 and 45% ion transmission for the partial and total ablation model, respectively. Implementing the ion guide wire improved the transmission even further, with 100% transmission for both SIMION models. Ion transmission efficiencies for m/z 10,000 were 45 and 50% for the partial and total ablation models, respectively. The ion guide proved to be effective in gating low m/z ions from the detector while collimating higher m/z ions, resulting in improved S/N. Delayed extraction resulted in an experimental resolution of 531 (⌬m/m, at FWHM) for m/z 1164 for sodiated gramicidin S. This performance was comparable with that obtained in the reflectron TOF. This represents an approximately threefold improvement, from resolution 177, compared with when delayed extraction was not used. Overall, the instrument sensitivity was greatly improved, with little or no loss from overall resolution. 
